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tumor	 spheroid	 contained	 in	 a	 microfluidic	 device,	 and	 show	 the	 effect	 of	 that	 flow	 field	 on	
nanoparticle	accumulation	on	the	perimeter	of	the	tumor	spheroid.		
We	demonstrate	how	to	control	tumor	spheroid	growth	rates	by	varying	the	number	of	cells	initially	




over	 the	presence	of	 a	necrotic	 core	while	maintaining	other	physical	parameters	of	 the	 spheroid	
presents	an	opportunity	to	assess	the	impact	of	core	necrosis	on	therapy	efficacy.	
Using	micro-particle	imaging	velocimetry	(micro-PIV),	we	characterize	the	hydrodynamics	and	mass	























from	nutrient	gradients	 induced	by	reduced	mass	 transport	due	to	 the	 tumor’s	3-D	structure	 (Jain	








Raghavan	 et	 al.	 2016).	 Tumor	 spheroids	 also	 offer	 a	 convenient	 platform	 for	 construction	 of	
mathematical	models	 to	describe	cell	proliferation	 (Ambrosi	and	Mollica	2002;	Drasdo	et	al.	2007;	
Drasdo	and	Höhme	2005).	Tumor	spheroids	result	from	the	self-assembly	of	cancer	cells	due	to	cell-
cell	 interactions,	 and	 several	 techniques	 and	 instruments	 have	 been	 developed	 to	 create	 tumor	
spheroids	(Alessandri	et	al.	2013;	Drewitz	et	al.	2011;	Froehlich	et	al.	2016;	Fu	et	al.	2014;	Karlsson	et	
al.	2012;	Mehesz	et	al.	2011;	Ravizza	et	al.	2009;	Santo	et	al.	2016).	While	automated	systems	for	
spheroid	 production	 are	 an	 ongoing	 area	 of	 research,	 there	 remains	 a	 need	 for	 straightforward,	
inexpensive	schemes	to	produce	tumor	spheroids	in	order	for	the	general	research	community	to	have	




In	addition	 to	preparing	accurate	 in	vitro	models	of	 tumors,	 it	 is	necessary	 to	 replicate	 the	 in	vivo	
environment	 surrounding	 the	 tumor—specifically,	 the	vasculature	system.	Error!	Reference	source	
not	found.a	depicts	a	simplified	view	of	a	tumor	mass	embedded	in	a	capillary	network	(Nichols	and	
Bae	2012;	Sutherland	1988).	Mass	 transport	 from	the	capillary	 into	the	tumor	vasculature	delivers	
nutrients	that	sustain	tumor	growth,	and	provides	a	means	for	delivering	solution-borne	therapeutics	
into	 the	 tumor.	Microfluidic	 devices	 are	 ideally	 suited	 for	 replicating	 the	 scenario	 shown	 in	 Error!	
Reference	source	not	found.a,	due	to	the	ability	to	fabricate	devices	with	channel	dimensions	similar	
to	 the	 human	 vasculature	 system,	 and	 good	 control	 over	 the	 environment	 inside	 of	 the	 device	










manipulate	 the	properties	of	 the	 tumor	 spheroid,	 in	particular	 the	diameter	and	presence	of	 core	
necrosis.	The	first	set	of	experiments	in	this	work	develops	an	optimized	protocol	for	producing	tumor	
spheroids	 with	 targeted	 diameters	 in	 commonly	 available	 microwell	 plates.	 The	 second	 set	 of	
experiments	 shows	 how	 the	 nutrient	 profile	 of	 the	 incubation	 media	 used	 to	 culture	 the	 tumor	
spheroids	affects	the	microenvironment	within	the	resulting	spheroids.	In	particular,	we	manipulate	
the	presence	of	a	necrotic	 core	 in	a	 tumor	spheroid	by	changing	 the	glucose	concentration	of	 the	








velocimetry	 (micro-PIV).	Our	 results	 reveal	a	heterogeneous	 fluid	velocity	profile	 impinging	on	 the	






mg/mL	 sodium	 pyruvate,	 584	 mg/L	 L-glutamine	 and	 3.7	 g/L	 NaHCO3	 (Life	 Technologies	 cat.	 nos.	










from	Cell	 Signal	 Unit	 at	OIST.	 Cells	were	 seeded	 in	 typical	 plastic	 bottom	 flasks	 (Corning,	 cat.	 no.	
CLS430641),	maintained	in	cell	culture	medium	(see	above)	and	incubated	under	typical	cell	culture	
conditions	at	37°C,	5%	CO2	in	humidified	incubators.	Routine	passaging	of	colon	cancer	cells	(HCT116)	












in	 seconds	 to	minutes,	 forming	 a	 concave	 bed	 for	 cells.	 PHEMA	 coating	was	 performed	 in	 round-
























on	 floating	 aluminium	 foil	 boats.	 Frozen	 samples	were	 stored	 at	 -80°C	 and	 then	 transferred	 to	 a	
cryostat	(Leica	CM3050s)	for	sectioning	where	10	µm	sections	of	the	spheroid	were	cut,	retrieved	on	













































imaging	 medium	 solution	 was	 flowed	 through	 the	 system.	 Glycerol	 was	 used	 to	 avoid	 particle	
























well	 at	 an	 equal	 rate.	 Nanoparticle	 accumulation	 images	 were	 taken	 using	 a	 63x	 oil	 immersion	
objective	on	a	ZEISS	LSM780	confocal	microscope.	Images	were	taken	at	three	different	heights	z	=	
{50;75;100	 µm}	 of	 the	 spheroid.	 Fluorescence	 distribution	 was	 analyzed	 with	 a	 Matlab	 program	
developed	 in-house	 that	 localized	 the	 spheroid	 edge	 and	measured	mean	 fluorescence	 at	 various	
depths	throughout	the	spheroid.	Fluorescence	values	were	then	averaged	on	whole	cell	layers	(10	µm	




the	 predominant	 interaction	 is	 the	 cell-substrate	 interaction	 (Pampaloni	 et	 al.	 2007).	 Conversely,	
seeding	of	cells	on	a	non-adhesive	surface	(e.g.,	agarose)	leads	to	the	predominant	formation	of	cell-

















































the	agarose	surface	varies	 from	well	 to	well,	which	affects	 the	consistency	of	 the	spheroid	growth	
process.	 If	 the	 curvature	 of	 the	 coated	well	 increased,	 the	 cells	would	 settle	more	 quickly	 to	 the	
bottom	of	the	well	and	would	have	a	higher	probability	of	forming	a	single	spheroid	due	to	proximity.	
This	 concept	 is	 illustrated	 in	 Figure	 3a.	 To	 test	 this	 hypothesis,	 we	 used	 an	 alternative	 coating	
material—poly2-hydroxymethyl	 methacrylate)	 (PHEMA)—to	 coat	 curved	 microwells	 (Ivascu	 and	
Kubbies	2006).	The	PHEMA	coating	produced	a	much	thinner	film	than	the	agarose	deposited	 into	
flat-bottom	wells.	Since	the	spheroid	ultimately	forms	on	the	geometry	created	by	the	surface	coating,	
a	 thinner	 coating	better	preserves	 the	 geometry	of	 the	microwell.	As	 a	 result,	 the	PHEMA-coated	







spheroids	had	properly	 formed.	With	 increasing	 incubation	time,	 the	agarose	coated	wells	start	 to	
produce	 spheroids,	 and	 the	 fraction	 of	 these	 spheroids	 that	 are	 properly	 formed	 increases	 with	
incubation	time.	In	contrast,	the	PHEMA-coated	wells	produced	properly	formed	spheroids	by	day	3,	
















spheroids	 with	 a	 diameter	 of	 400	 µm	 in	 order	 to	 determine	 whether	 necrosis	 is	 present	 at	 this	
spheroid	size.	This	size	is	also	consistent	with	the	dimensions	of	a	recently	reported	microfluidic	device	
for	studying	uptake	of	nanoparticles	and	small	molecules	(Albanese	et	al.	2013b).	






targeted	tumor	spheroid	size	can	be	attained	 for	 further	experimentation.	We	tested	whether	 the	
presence	of	a	necrotic	core	in	the	HCT-116	spheroids	could	be	manipulated	by	simply	changing	the	




source	 not	 found.	 shows	 characteristic	 images	 for	 both	 staining	 techniques	 for	 tumor	 spheroids	
produced	 under	 high	 glucose	 (4.5	 g/L)	 and	 low	 glucose	 (1.0	 g/L)	 conditions	 in	 agarose-coated	
microwells.	The	results	from	histological	staining	(left	column)	show	that	whether	cultured	in	low	or	
high	 glucose	 concentrations,	 spheroids	 formed	 nicely	 packed	 cellular	 structures	 (density	 80-90%).	
Furthermore,	for	similarly	sized	spheroids	grown	under	identical	conditions,	immunostaining	shows	
that	the	spheroids	contain	hypoxic	cells	at	an	average	depth	of	100	µm.	Since	the	level	of	oxygen	in	
the	 incubation	 environment	 remained	 constant	 for	 both	 glucose	 levels,	 it	 is	 expected	 that	 the	
presence	of	hypoxia	should	be	similar	for	both	spheroids.			




cells	 red.	For	 the	high	glucose	content	 images	 (top	row),	 there	 is	a	perimeter	of	 living	cells	on	the	







and	 incorporates	 mass	 transport	 and	 mechanical	 forces	 into	 the	 growing	 spheroid.	 The	 model	
reproduced	 successfully	 tumor	 spheroid	 growth	 data	 from	 prior	 literature	 reports	 (Freyer	 and	






2005).	 Furthermore,	 the	 necrotic	 core	 appears	 to	 grow	 in	 diameter	 and	 density	 with	 increasing	
incubation	time.	Although	the	necrotic	cores	shown	at	day	7	are	clearly	of	two	different	diameters,	



















field	of	 the	 fluid	carrying	 the	microparticles	 (cf.	Materials	and	Methods).	Figure	6a	and	6b	 show	a	
tumor	 spheroid	 contained	 within	 the	 observation	 chamber	 of	 the	 microfluidic	 device	 in	 a	 fluid	






















similar,	 consistent	with	 the	symmetry	of	 the	microfluidic	 system.	 In	contrast,	 the	velocities	on	 the	
sides	of	the	spheroid	perpendicular	to	the	flow	are	clearly	different,	with	the	“front”	of	the	spheroid	
experiencing	a	flow	rate	~	3x	greater	than	that	of	the	“back”	of	the	spheroid.		
With	 the	 heterogeneous	 velocity	 results	 of	 Figure	 7	 in	 mind,	 we	 assessed	 the	 accumulation	 and	
penetration	of	fluorescent	polystyrene	nanoparticles	with	diameters	of	either	20	nm	or	50	nm	in	the	
tumor	 spheroid.	 Nanoparticle	 size	 was	 measured	 by	 dynamic	 light	 scattering	 under	 observation	
conditions	(identical	imaging	temperature	and	identical	imaging	buffer)	in	order	to	check	nanoparticle	









































not	 found.a.	 Even	 in	 this	 ideal	 simulation,	 where	 a	 continuous	 flow	 of	 nanoparticles	 was	 applied	
without	 flushing,	 the	 smallest	 size	 nanoparticle	 (20nm)	 barely	 managed	 to	 penetrate	 50	 µm	 in	
























































































































bottom	 well	 (bottom).	 	 The	 thin	 film	 of	 PHEMA	 preserves	 the	 shape	 of	 the	 round	 bottom	 well,	 resulting	 in	
sedimentation	of	cells	at	the	bottom	of	the	well	and	rapid	formation	of	properly	shaped,	spherical	spheroids.		(b)		
Comparison	of	spheroid	shape	for	agarose-coated	wells	(green)	and	PHEMA	coated	wells	(blue).	 	Agarose-coated	
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